T he regulation of gene expression is controlled at many levels, including transcription, mRNA processing, protein translation, and protein turnover. Posttranscriptional regulation is often controlled by short sequence elements in the UTRs of mRNA. One such 5Ј UTR element is the upstream ORF (uORF) depicted in Fig.  1A . Because eukaryotic ribosomes usually load on the 5Ј cap of mRNA transcripts and scan for the presence of the first AUG start codon, uORFs can disrupt the efficient translation of the downstream coding sequence (1, 2) . Previous reports have shown that ribosomes encountering a uORF can (i) translate the uORF and stall, triggering mRNA decay, (ii) translate the uORF and then, with some probability, reinitiate to translate the downstream ORF, or (iii) simply scan through the uORF (2) . uORFs have been shown to reduce protein levels in Ϸ100 eukaryotic genes [supporting information (SI) Table S1 ]. Additionally, mutations that introduce or disrupt a uORF have found to cause 3 human diseases (3) (4) (5) . In several interesting cases, the uORF-derived protein is functional; however, in most cases, the mere presence of the uORF is sufficient to reduce expression of the downstream ORF (1, 2, (6) (7) (8) . Previous genomic analyses suggest that uORFs may be widely functional for several reasons: They correlate with lower mRNA expression levels (9) , they are less common in 5Ј UTRs than would be expected by chance (6, 10) , they are more conserved than expected when present (6) , and several hundred have evidence of translation in yeast (11) . However, no study has demonstrated that these elements have a widespread impact on cellular protein levels. Moreover, no study has investigated whether uORF presence varies in the human population. Here, we take advantage of recently available datasets of protein abundance (12) (13) (14) (15) (16) (17) and genetic variation (18, 19) to assess the impact and natural variation of mammalian uORFs.
Results
uORF Prevalence Within Mammalian Transcripts. We define a uORF as formed by a start codon within a 5Ј UTR, an in-frame stop codon preceding the end of the main coding sequence (CDS), and length at least 9 nt including the stop codon. As shown in Fig. 1 A, this definition includes uORFs both fully upstream and overlapping the CDS, because both types are predicted to be functional (20) . We searched for uORFs within all human and mouse RefSeq transcripts with annotated 5Ј UTRs Ͼ10 nt. Consistent with previous estimates (9, 10), we find that 49% of human and 44% of mouse transcripts contain at least 1 uORF ( Fig. 1B) . Interestingly, human and mouse uORF start codons (uAUGs) are the most conserved 5Ј UTR trinucleotide across vertebrate species (Fig. S1 ), consistent with a widespread functional role. models, we would expect uORF-containing transcripts to correlate with lower protein levels when compared with uORF-less transcripts. To test this hypothesis, we analyzed a total of 11,649 matched mRNA and protein abundance measurements from 4 published studies across a variety of mouse tissues and developmental stages. These included: 2,484 genes expressed in liver (12) , 722 genes expressed in 6 stages of lung development (13) , 487 mitochondria-localized gene products expressed in 14 tissues (14) , and 925 genes expressed in 6 tissues (15) (see SI Text for details). Proteins were detected via tandem mass spectrometry (MS/MS), and abundance was estimated by standard methods using the normalized number (12, 13, 15) or total peak area (14) of matching MS spectra. mRNA abundance in these conditions was measured by microarrays (21, 22) . Although neither technology provides absolute quantitation, these large-scale datasets can reveal trends across thousands of genes. Because MS/MS technology cannot reliably distinguish splice variants, we analyzed expression at the gene level and considered only those genes whose collective splice variants either all contain, or all lack, uORFs. Consistent with previous reports (23) , we observed that the 10% most highly expressed transcripts based on microarray tissue atlases (21) tend to lack uORFs ( Fig. S2 and SI Text), and therefore, we conservatively excluded these genes to avoid overestimating uORF effects. Despite differences in experimental methodology, all 4 independent datasets showed a reduced distribution of protein levels for genes containing versus lacking uORFs ( Fig. 2 A-D). Median protein levels were reduced, respectively, by 39% (P ϭ 1eϪ5), 29% (P ϭ 0.007), 34% (P ϭ 0.008), and 13% (P ϭ 0.36), where significance was determined by empirical permutation testing. mRNA levels were reduced to a lesser extent with only the liver dataset (12) showing a statistically significant median reduction ( Fig. 2E and Fig. S3 ). Importantly, the ratio of protein to mRNA was significantly reduced for uORF-containing genes in 3 of 4 datasets ( Fig. 2E and Fig. S3 ), suggesting that uORF presence likely inhibits translation of the main coding sequence. We observed the same trends when we modified the definition of a uORF by altering length and overlap criteria, and when we included the 10% most highly expressed genes ( Fig. S4 ). Analysis of 2 additional MS/MS studies of mouse adipocyte cells (16) and differentiating embryonic stem cells (17) also showed reduced protein levels for uORFcontaining genes, although matched mRNA data were not available ( Fig. S3 ). Collectively, these analyses across 3,297 mouse genes demonstrated the first large-scale correlation of uORF presence with reduced protein levels.
To determine whether uORFs play a causal role in reducing protein levels, and to more accurately quantify their effect size, we performed a series of experiments on 15 uORF-containing genes using dual-luciferase reporter constructs (see Materials and Methods). Five genes were chosen randomly from the set of all mouse transcripts containing single uORFs and where, for technical ease, 5Ј UTR length exceeded 100 nt ( Fig. 3 B and F ). An additional 10 were selected from our mitochondrial study (14) where MS/MS and conservation data suggested functionality ( Fig. 3 C and G) . We cloned the 5Ј UTR of each selected gene upstream of a luciferase reporter ( Fig. 3A ). HEK 293A cells were then transfected with uORF-containing luciferase constructs or control constructs where the uORF's start codon (ATG) was mutated to TTG. After 48 h, cells were assayed for luciferase transcript levels by quantitative PCR and for luciferase activity by luminometry. These experiments showed that, on average, uORFs cause a 58% decrease in protein levels ( Fig. 3 B and C) and a 5% decrease in transcript levels ( Fig.  3 F and G) . All individual protein differences and 4 mRNA differences were statistically significant ( Fig. 3) , and all protein/ mRNA ratio differences were statistically significant except for gene Hsdl2 (Table S2 ). The constructs with randomly selected uORFs showed higher protein levels compared with the uORFs selected with evidence of functionality (P ϭ 1eϪ5 based on t test). Similar results were obtained using HEK 293T cells. Together, the large-scale correlations and validation experiments demonstrate that uORFs cause blunted protein expression of downstream coding sequences.
Influence of uORF Context, Position, and Conservation. We next investigated whether specific uORF properties were associated with stronger translational inhibition. We analyzed uORF length, number, conservation, position relative to the cap, position relative to the CDS, and uAUG context (also called ''Kozak sequence'') (see Materials and Methods). We quantified uORF effects using the Kolmogorov-Smirnov (KS) D statistic within the largest dataset (liver), which offered statistical power for these analyses. All tested subsets of uORFs showed reduced protein levels compared with uORF-less genes (P Ͻ 0.05), although certain properties modified the effect size ( Fig. S5 ). As predicted by Kozak's classic experiments (1, 20, (24) (25) (26) , increased inhibition correlated with strong versus weak uAUG context (P ϭ 0.04), long versus short cap-to-uORF distance (P ϭ 0.009 to 4e-4), presence of multiple uORFs in the 5Ј UTR (P ϭ 8eϪ6), and increased conservation (P ϭ 1eϪ6) ( Fig.  S5) . Surprisingly, we observed no significant difference between uORFs fully upstream versus overlapping the CDS (P ϭ 0.9), between uORFs of different proximity to the CDS (P ϭ 0.6 to 0.5) or between uORFs of different lengths (P ϭ 0.3). These comparisons over hundreds of liver genes indicate that although all types of uORFs can reduce protein expression, 4 uORF properties are associated with greater inhibition: strong uAUG context, evolutionary conservation, increased distance from the cap, and multiple uORFs in the 5Ј UTR.
Polymorphic uORFs in Humans. Given that uORFs reduce protein expression, polymorphisms that create or delete uORFs could influence human phenotypes. Therefore, we searched for uORFaltering variants within the 12 million SNPs in the human dbSNP database (18) . We coin the term polymorphic uORF (puORF) to indicate a uORF that is created or deleted by a polymorphism. We identified puORFs in 509 unique genes (Table S3) , of which 366 genes had multiple uORFs, and 143 genes had single uORFs (Table  1 ). Using the cellular reporter constructs described above, we tested the functionality of 5 puORFs. In all cases, the constructs with uORFs produced 30-60% less protein than those with the uORFless SNP variant, with an average 3% decrease in mRNA levels ( Fig.  3 D and H) . All individual protein and protein/mRNA reductions were statistically significant (Table S2 ). The impact of the puORFs was comparable with all other uORFs that were tested experimentally ( Fig. 3) . Thus, naturally occurring uORF-altering polymorphisms are likely to alter cellular expression of the downstream protein.
puORF-Mediated Differences in Factor XII Protein Levels. One of the human uORF-altering SNPs (rs1801020) has previously been associated with differences in circulating plasma levels of clotting factor XII (FXII) in 5 independent studies (27) (28) (29) (30) (31) (Fig. 4) . This SNP represents a common T/C polymorphism with prevalence of the T allele estimated at 20% in Caucasian and 70% in Asian populations (27) (28) (29) (30) (31) . Kanaji and colleagues demonstrated that the T allele reduces protein levels, and proposed that the mechanism could be due to disruption of the Kozak consensus sequence or to the introduction of a uORF, although these hypotheses were not tested (30) . To experimentally test the uORF hypothesis, we created 8 reporter constructs that included all 4 possible nucleotide variants at the SNP site, 3 artificial uORF-generating mutations, and 1 mutation creating an alternate in-frame start site (Fig. 4A ). All 4 uORF-containing UTR constructs showed Ͼ50% reduction in protein levels (P Ͻ 2eϪ6), whereas the 4 constructs lacking uORFs did not show strong differences in protein levels (Fig. 4B) . mRNA levels were altered by Ͻ30% (Table S2 ). These results strongly suggest that the presence of a puORF is responsible for the observed variation in human factor XII protein levels.
uORF-Altering Mutations Related to Human Disease. In addition to common puORFs, rare mutations that alter uORFs may cause disease, as has been shown for 3 genes (Table 2 ). To systematically identify additional cases, we searched the Human Gene Mutation Database (19) for mutations that introduce or eliminate uORFs. We found 11 additional mutations (Table 2) that were detected by resequencing in known disease-related genes in affected patients (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) . These uORF-altering mutations were not present in population controls (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) , and were either the sole mutation detected in the sequenced exons, or were compound heterozygous with a missense/nonsense mutation ( Table 2 ). The patient presentation was consistent with a recessive phenotype in 3 of the 4 compound heterozygous cases (37, 38, 42, 43) , and was ambiguous in the remaining case (36) . To our knowledge, the mechanistic link between the gene mutation and uORFs had not been previously proposed for SRY (32), IRF6 (33), or GCH1 (34).
To assess whether the uORF-altering mutations influenced protein expression, we used luciferase reporter constructs to test patient mutations in 5 genes (HBB, PRKAR1A, IRF6, SRY, and SPINK1). The uORF-altering mutations in these genes reduced luciferase mRNA levels by Ͻ20% and luciferase activity levels by 70-100% ( Fig. 3 E and I) . These effects on protein levels were highly significant (P Ͻ 2eϪ12) and were larger than in the other uORFs experimentally tested (P ϭ 4eϪ4). Thus, these uORFaltering mutations cause dramatically reduced protein levels in our reporter assays, suggesting that they may indeed be responsible for the observed disease phenotypes.
Discussion
Our analyses provide an assessment of the widespread impact of uORFs on mammalian protein expression. Many previous studies of individual genes demonstrated that the presence of uORFs can lead to reduced mRNA stability and protein translation. Here, we show that approximately half of human and mouse proteinencoding genes contain uORFs and that uORF presence correlates with reduced protein expression across thousands of mammalian genes in a variety of tissues and conditions (Fig. 2) . We quantify uORF effects using mutation experiments on 25 selected 5Ј UTRs (Fig. 3) , which have typical length, context, position, and conservation features (Fig. S6) . These experiments indicate that uORFs typically affect mRNA levels by Ͻ30% and reduce protein levels by 30-80%, although complete protein suppression is possible (Fig. 3) . Although our mutation experiments focused chiefly on 5Ј UTRs containing single uORFs, our MS/MS data suggest that multiple uORFs lead to greater reduction of protein expression ( Fig. S5E) . Collectively, these data suggest that uORFs cause reduced protein levels of thousands of mammalian genes.
Our data provide insight into the mechanism by which uORFs influence protein expression. Without exception, uORF-containing List contains common SNP variants (#1-14) and genes associated with monogenic disease (#15-17), immune response (#18 -22), and receptor activity (#23- 25 and 7, 12, 17, 19, 20) . Table S3 reporter constructs exhibit more pronounced reduction of protein compared with mRNA levels (Fig. 3 ), in agreement with the trend observed in large-scale datasets ( Fig. 2E ). This suggests that uORFs act primarily by reducing translational efficiency, and more modestly by affecting mRNA levels. Additionally, because uORF effects do not correlate with the distance between the uORF and CDS (Fig. S5D) , it is likely that CDS translation generally proceeds from ribosomes that scan through the uORF rather than from ribosomes that reinitiate after uORF translation-at least in genes that contain only a single uORF. Given that uORFs reduce translation, variants that create or delete uORFs are likely to alter cellular protein levels and in some cases may influence phenotype. uORF-altering variants are likely to be widespread, because each human transcript contains, on average, 28 nt that could be mutated to introduce a uORF. We identified 509 human genes with polymorphic uORFs (puORFs), although more are likely to be identified as genome variation databases expand. Our data suggest that puORFs will typically alter cellular protein levels by 30-80% in cases where the 5Ј UTR contains a single uORF. When these puORFs cause physiologically relevant changes in protein levels, as we showed for factor XII, they may cause phenotypic variation. Indeed, the factor XII puORF has been associated with several thromboembolic conditions, although the associations are in contention due to small sample sizes (44) . We speculate that other puORFs in our collection (Table S3 ) may also affect phenotype. For instance, the puORF in chemokine receptor CCR5 might mediate susceptibility to HIV-1 infection, because previous studies showed that variants affecting CCR5 expression alter susceptibility to HIV-1 infection and progression of AIDS (45) . Similarly, the puORFs in bitter-taste receptors TAS2R5 and TAS2R3 might lead to common variation in taste perception, and puORFs in receptors for ACTH, serotonin, and oxytocin may modulate neurohormonal response (Table 1 ).
In addition to common polymorphisms, rare uORF-altering mutations that alter levels of essential proteins can cause human disease. To date, 3 such mutations have been reported. First, a hereditary form of thrombocythaemia is caused by a mutation in THPO mRNA that eliminates a uORF through a splicing defect, and thus causes increased translation of thrombopoetin (3) . Second, a mutation introducing a uORF into CDKN2A causes a familial predisposition to melanoma (4) . Third, disruption of uORF presence and coding sequence in gene HR causes Marie Unna hereditary hypotrichosis (5) . Additional uORF-altering mutations detected in patients with 11 diseases have been reported in the literature, although they were not followed up experimentally ( Table 2 ). In each case, the patient mutation was present within a gene known to underlie the disease when disrupted and was the sole mutation detected or was compound heterozygous with a nonsynonymous variant. Using reporter assays, we tested 5 patient mutations in genes associated with disease: Gonadal dysgenesis (SRY), Van der Woude syndrome (IRF6), Carney complex type 1 (PRKAR1A), Hereditary pancreatitis (SPINK1), and Thalassaemia-␤ (HBB). We found that the uORF-altering patient mutation caused severely reduced protein levels, and in 2 cases almost no reporter protein was detected (SRY and SPINK1, Fig. 3E ). In these 2 cases, the patient mutation created a second uORF within the gene 5Ј UTR, rather than creating a single uORF. The strong suppression of protein expression by these 5 patient mutations offers a simple mechanistic basis for their pathogenicity. These cases add to the growing list of uORF-altering mutations linked to disease and highlight the importance of searching for uORF changes in addition to coding changes underlying disease.
In summary, our analyses demonstrate that uORFs have a widespread impact on the expression of human and mouse genes and that the human genome contains hundreds of polymorphic uORFs. With the routine application of newer generation sequencing technologies, an important challenge will be to link variation in genome sequences to physiology and disease-and puORFs may represent an important class of functional variants that can be readily linked to phenotype. Although the current analyses focused on the constitutive effects of uORFs on steady-state protein levels, an important next step is to determine whether the influence of uORFs is widely regulated by environmental conditions or signaling pathways, as has been shown for a handful of examples (2) .
Materials and Methods
Human and Mouse uORFs. RefSeq transcripts for human (hg18) and mouse (mm9) were obtained from the University of California, Santa Cruz (UCSC) Genome Browser Database (46) (accessed May 20, 2008), along with 28-vertebrate species alignments (47) . Custom Perl scripts annotated uORFs and computed features: uORF context (''strong'' indicates a Ϫ3 purine and ϩ4 guanine relative to uAUG, otherwise ''weak''), cap-to-uORF distance (length between mRNA cap and uAUG), uORF length (including start and stop codon), uORF-to-CDS distance (length between uORF stop codon and CDS start codon), uORF number (number of distinct uORFs in a transcript, where uORFs may overlap but not in the same frame), and conservation (number of species with aligned start codons within 28 species alignments). The first 4 features were analyzed on transcripts containing single uORFs. uORF properties were compared using a Bonferroni-corrected, HBB Thalassaemia ␤ G-29A (42) † Predicted* uORF-altering mutations detected in patients but not population controls. Mutation column includes 5Ј UTR position relative to translation start and literature reference (in parentheses). The links between mutations and uORFs were previously known, previously predicted, or not previously known (novel). *Mutations tested experimentally in this study. † Compound heterozygous mutations.
